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. 
INTRODUCTION 

This Annual Report is t h e  s i x t h  of a series desc r ib ing  the  r e s u l t s  

of research conducted by t h e  U.S. Geological Survey on behalf of t h e  

National Aeronautics and Space Administration under cont rac t  R-66. 

This  report ,  prepared by t h e  Astrogeologic S tudies  Sect ion of t he  Branch 

of Astrogeology, covers the  period J u l y  1, 1964 t o  J u l y  1, 1965, and i s  

i n  t h r e e  volumes corresponding t o  three areas of research: 

Lunar and Planetary Inves t iga t ions ;  P a r t  By Crater and Sol id  S t a t e  

I n v e s t i g a t i o n s ;  and P a r t  C, Cosmic Chemistry and Petrology;  and a map 

supplement. An a d d i t i o n a l  volume p resen t s  summaries of t h e  papers i n  

Par ts  A, B, and C. 

P a r t  A, 

Long-range o b j e c t i v e s  of the a s t rogeo log ic  s t u d i e s  p a r t  of t he  

program are t o  determine and map the  s t r a t i g r a p h y  and s t r u c t u r e  of t he  

Moon's c rus t ,  t o  work out from t h e s e  t he  sequence of events  t h a t  l ed  t o  

the  present  cond i t ion  of t h e  Moon's surface,  and t o  determine the  pro- 

cesses  by which these  events  took place.  

leads toward these  objec t ives  includes a program of lunar  geologic  

mapping; s t u d i e s  on the  d i sc r imina t ion  of geologic  materials on t h e  

lunar  s u r f a c e  by t h e i r  photometric, po lar imet r ic ,  and i n f r a r e d  proper- 

t i es ;  f i e l d  s t u d i e s  of s t ruc tu res  of impact, explosive,  and vo lcan ic  

o r i g i n ;  laboratory s tud ie s  on the behavior of rocks and minerals  sub- 

j e c t e d  t o  shock; and study of the chemical, petrographic  and phys ica l  

p r o p e r t i e s  of materials of possible  lunar  o r i g i n  and the  development of 

s p e c i a l  techniques f o r  t h e i r  ana lys i s .  

Work being c a r r i e d  o u t  t h a t  

PART A, Lunar and Planetary I n v e s t i g a t i o n s  (with the  map supplement), 

conta ins  the  prel iminary resul ts  of d e t a i l e d  geologic  mapping of 15 new 

quadrangles a t  a s c a l e  of 1:1,000,000. The e q u a t o r i a l  b e l t  of t he  Moon 

(32ON-32OS, 70°E-700W) has now been completely mapped i n  t h i s  fash ion .  

S i g n i f i c a n t  r e s u l t s  of new mapping of both vo lcan ic  and impact f e a t u r e s  

and d e t a i l e d  s t u d i e s  of previously def ined s t r a t i g r a p h i c  u n i t s  a r e  in-  

cluded. Systematic photometric, po lar imet r ic ,  and i n f r a r e d  s t u d i e s  de- 

signed t o  assist i n  the  geologic mapping are discussed,  and a proposed 

method of improving se l enode t i c  cont ro l  by laser radar  ranging is 

descr ibed.  
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Studies  of t h e  geology and sur face  p rope r t i e s  of t h e  Moon a t  s c a l e s  

l a r g e r  than the  1:1,000,000 s c a l e  used f o r  reconnaissance geologic  map- 

ping have been made wi th  photographs from t h e  t h r e e  successfu l  Ranger 

missions.  The r e s u l t s  of t hese  inves t iga t ions  are being descr ibed i n  

a series of Technical Reports published by t h e  Jet Propuls ion Laboratory 

f o r  t h e  Nat iona l  Aeronautics and Space Administration. 

t h i s  work is included in the section oii ktiiar sad p' ,a i i e~a~j  h-ves t iga t ions .  

\ 

A summary of 

PART By Crater Inves t iga t ions ,  conta ins  t h e  r e s u l t s  of f i e l d  and 

labora tory  s t u d i e s  of c r a t e r  phenomenology, including volcanic,  explosives  

and impact events.  

ters from th ree  l o c a l i t i e s  are: (1) t h e  Henbury meteor i te  c r a t e r s  i n  

Aus t r a l i a ,  (2) t he  S i e r r a  Madera s t r u c t u r e  i n  west Texas, and (3) t h e  

 fly^ Creek s t r u c t u r e  i n  Tennessee. 

t r i b u t i o n  of mercury i n  shocked and unshocked rocks a t  t h e  Odessa mete- 

o r i t e  c r a t e r s  near  Odessa, Texas, and another  r e p o r t  d i scusses  t h e  poss i -  

b l e  o r i g i n  of pseudotachyl i te  from Archean g r a n i t e  of t h e  Vredefort  

dome i n  South Afr ica .  

Inves t iga t ions  of n a t u r a l l y  formed terrestrial cra-  

Another r e p o r t  d i scusses  t h e  d i s -  

Two experimental  impact s t u d i e s  are: (1) a s tudy  of impact c r a t e r s  

formed i n  water-saturated sediments by impacting missiles, and (2) a 

s tudy  of t h e  fragmentation of c o l l i d i n g  spheres of b a s a l t .  

r epor t  d i scusses  t h e  geology of a p a r t  of a l a r g e  body of g r a n i t e  i n  

Another 

c e n t r a l  Colorado t h a t  i s  being considered as a s i t e  f o r  high-explosive 

c r a t e r i n g  experiments i n  hard, polymineralic rocks. 

One r epor t  d i scusses  the  geology of t h e  Moses Rock diatreme i n  

San Juan County, Utah, and i ts  s i m i l a r i t y  t o  r i l les on t h e  luna r  sur face .  

PART C, Cosmic Chemistry and Petrology, inc ludes  r epor t s  dea l ing  

wi th  t h e  techniques of study, the ana lys i s ,  and t h e  i n t e r p r e t a t i o n  of 

d a t a  on materials of known or suspected e x t r a t e r r e s t r i a l  o r i g i n .  The 

following are reported:  a study j o i n t l y  supported by the  Geochemical 

Census Branch of t he  Geological Survey of t h e  s t a t i s t i c a l  t reatment  of 

supe r io r  ana lyses  of t e k t i t e s  and t h e  pe t ro log ic  i n t e r p r e t a t i o n  of t h e  

r e s u l t s ;  a s tudy j o i n t l y  supported by the  Southwest S t a t e s  Branch or' 

t h e  Geological Survey of t he  pe t ro log ic  s i g n i f i c a n c e  of t e k t i t e  ana l -  

y ses ;  minor-element d a t a  f o r  b a s a l t i c  meteor i tes  a r e  repor ted ;  and a 
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theoretical and experimental study of the stability of meteoritic 

cohenite as a function of temperature and pressure. The cosmic dust 

investigations, supported by the National Aeronautics and Space Admin- 

istration and other government agencies, contributes a report on the 
application of the scanning electron microscope and a progress report 
on the construction of laboratory facilities. 

The following reports were published during the reporting period 

July 1, 1964 to July 1, 1965: 

Chao, E. C. T., 1964, Spalled, aerodynamically modified moldavite from 
Slavice, Moravia, Czechoslovakia: Science, v. 146, no. 3645, 
p. 790-791. 

Cummings, David, 1965, Kink-bands--Shock deformation of biotite result- 

ing from a nuclear explosion: Science, v. 148, no. 3672, p. 950-952. 

DeCarli, P. S., and Milton, D. J., 1965, Stishovite--Synthesis by 

shock wave: Science, v. 147, no. 3654, p. 144-145. 
Duke, M. B., 1965, Metallic copper in stony meteorites cabs.], & 

Abstracts for 1964: Geol. SOC. America Spec. Paper 82, p. 50. 
Metallic iron in basaltic achondrites: Jour. Geophys. Research, 

v. 70, no. 6, p. 1523-1527. 
Duke, M. B., and Brett, Robin, 1965, Metallic copper in stony meteorites: 

U.S. Geol, Survey Prof. Paper 525-B, p. B101-B103. 

Fahey, J. J., 1964, Recovery of coesite and stishovite from Coconino 
Sandstone of Meteor Crater, Arizona: Am. Mineralogist, v. 49, 
no. 11-12, p. 1643-1647. 

Gault, D. E., and Moore, H. J . ,  1965, Scaling relationships for micro- 
scale to megascale impact craters: Hypemelocity Impact Symposium, 

7th, Tampa, Fla., 1964, Proc., v. 6, p. 341-351. 
Hackman, R. J., 1964, A lunar isotonal map: Photogrammetric Eng., v. 30, 

no. 6, p. 1011-1016. 

Hamilton, Warren, and Wilshire, H. G.,  1965, Liquid fractionation of 
basaltic magma [abs,]. &Abstracts for 1964: 

Spec. Paper 82, p. 331. 

Geol, SOC, America 
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Hoyt, A. F., Senftle, Frank, and Wirtz, P., 1965, Electrical resis- 

tivity and viscosity of tektite glass: Jour. Geophys. Research, 

v. 70, no. 8, p. 1985-1994. 
McCauley, J. F., 1965, Slope frequency distribution as a means of classi- 

fying lunar terrain cabs.] ,  &Abstracts for 1964: 

America Spec. Paper 82, p. 130. 

Geol. SOC. 

mead, C. W., Littier, Janet, and ehao, E. C. T., 1965, Metaiiic spheroids 
from Meteor Crater: Am. Mineralogist, v. 50, no. 5/6,- p. 667-681. 

Milton, D. J., 1964, Fused rock from Kbfels, Tyrol: Tschermaks Mineralog. 

Petrog. Mitt., ser. 3, v. 9, no. 1-2, p. 86-94. 
1965, Alleged meteorite crater on Soqotra: British Astron. Assoc. 

Jour., v. 75, no. 4, p. 283. 

Structure of the Henbury meteorite craters, Australia cabs.], & 
Abstracts for 1964: Geol. SOC. America Spec. Paper 82, p. 266. 

Moore, H. J., Gault, D. E., and Heitowit, E. D., 1965, Change of 
effective target strength with increasing size of hypervelocity 

impact craters: Hypervelocity Impact Symposium, 7th, Tanpa, Fla., 

1964, Proc., v. 4, p. 35-45. 
O’Connor, J. T., 1965, A classification for quartz-rich igneous rocks 

based on feldspar ratios: U.S. Geol. Survey Prof. Paper 525-B, 

p. B79-B84. 
Rose, H. J., Jr., and Cuttitta, Frank, 1965, Microanalysis by X-ray 

fluorescence--Determination of selected major constituents in 

silicates cabs.], - in Abstracts for 1964: 

Paper 82, p. 166. 

Geol. SOC. America Spec. 

Rose, H. J., Jr., Cuttitta, Frank, and Larson, R. R., 1965, Use of X-ray 
fluorescence in determination of selected major constituents in 

silicates: U.S.  Geol. Survey Prof. Paper 525-B, p. B155-B159. 

Rowan, L. C., and Larsen, L. H., 1965, Structural analysis of the Quad 

Creek, Wyoming Creek, amd Line Creek area, Beartooth Mountains, 
Montana and Wyoming cabs.], &Abstracts for 1964: 

America Spec. Paper 82, p. 169. 

Geol. SOC. 

Shoemaker, E. M., 1964, The geology of the Moon: Sci. Am., v. 211, 

no. 6, p. 38-47. 
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Shoemaker, E. M., 1964, The Moon c lose  up: N a t l .  Geographic, v. 126, 

no. 5, p. 690-707. 

1965, Preliminary analysis  of t h e  f i n e  s t ruc tu re  of t he  lunar  

sur face  i n  Mare Cogniturn, in Ranger VII, pt .  2, Experimenters 

analyses and in te rpre ta t ions :  

Propulsion Lab. Tech. Rept. no. 32-700, p. 75-134. 

Cal i forn ia  Ins t .  Technology, Jet 

I%..l ay,auI., -c H. T., iiuke, H. B., Siiver ,  L. T., and Epstein, Samuel, 1965, 

Oxygen isotope s tudies  of minerals i n  stony meteorites:  Geochim. 

e t  Cosmochim. Acta, v. 29, p. 489-512. 

Walter, L. S., and Carron, M. K., 1964, Vapor pressure and vapor 

f r ac t iona t ion  of t e k t i t e  m e l t s :  U.S. N a t l .  Aeronautics and Space 

Adm. Tech. Note D-1084, 13 p. 

I .  

5 



. 
Summary of P a r t  A 

Lunar inves t iga t ions  a r e  based on geologic  mapping of t he  Moon at 

a s c a l e  of 1:1,000,000. The lunar e q u a t o r i a l  b e l t ,  7O0W-7O0E and 

3Z0N-32'S, has been completely mapped. Geologic maps of the  Kepler, 

Letrotme, Riphaeus Mountains (Montes Riphaeus), and Timocharis quadran- 

g l e s  have been published i n  co lor  ( f ig .  1.). 

Ar is ta rchus ,  Montes Apenninus, P i t a tus ,  and Mare Humorum quadrangles 

are i n  p re s s  o r  f i n a l  preparat ion.  Preliminary uncolored maps of t h e  

Hevelius,  Copernicus, Mare Vaporum, Grimaldi, and Theophilus quadran- 

g l e s ,  as w e l l  as of t h e  quadrangles i n  p re s s ,  have been t ransmi t ted  t o  

the  Nat ional  Aeronautics and Space Adminis t ra t ion previously.  

nary uncolored maps accompanying this r epor t  are: Seleucus,  by H. J. 

Moore; Mare S e r e n i t a t i s ,  by M. €I. Carr; Macrobius, by H. A. Pohn; 

Cleomedes, by A. B. Binder; J u l i u s  Caesar, by E. C. Morris and D. E. 

Wilhelms; Tarunt ius ,  by D. E. Wilhelms; Mare Undarum, by Harold Masursky; 

Ptolemaeus, by Harold Masursky; Colombo, by D. P. E ls ton;  Langrenus, by 

J. D. Ryan and D. E. Wilhelms; Byrgius, by N. J. Trask; Purbach, by 

H. E. Hol t ;  Rupes A l t a i ,  by L. C. Rowan; Fracas tor ius ,  by D. P. E ls ton;  

and Petavius ,  by D. E. Wilhelms. 

Colored maps of t h e  

Prel imi-  

The 28 maps forwarded t o  da te  cover more than t h r e e  m i l l i o n  square  

m i l e s .  

e i g h t  a d d i t i o n a l  quadrangles, ou ts ide  t h e  e q u a t o r i a l  b e l t ,  w i l l  have 

been completed, and many of t h e  maps nuw i n  prel iminary form w i l l  have 

been published i n  co lor .  

By t h e  end of f i s c a l  year  1966, prel iminary uncolored maps of 

A prel-iminary map of t h e  Byrgius quadrangle by N. J .  Trask suggests  

t h a t  e j e c t a  from both t h e  Mare Or ien ta l e  and Mare Humorum bas ins  are 

present .  

p i t t e d  material and patches of l e v e l  upland f i l l i n g  material. 

t e r r a i n  may represent  f i e l d s  of secondary impact c r a t e r s  formed by 

ma te r i a l  e j ec t ed  from the Mare Or ien ta le  and Mare Humorum bas ins .  

Lineaments are widespread i n  the quadrangle;  most are o r i en ted  northwest-  

southeas t .  

H. A. Pohn has  descr ibed a low-lying area marginal t o  t h e  no r theas t  

Much of the  area between the  two bas ins  i s  composed of h ighly  

The p i t t e d  

edge of t h e  S e r e n i t a t i s  bas in  i n  t h e  Macrobius quadrangle and named it 
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t h e  S e r e n i t a t i s  bench. 

Bond Formation, a new u n i t ,  which i s  f l a t  o v e r a l l  but  heavi ly  c ra t e red  

The most widespread depos i t  on the  bench i s  the  

and d i s sec t ed  by r i l les.  It postdates  t h e  formation of t h e  S e r e n i t a t i s  

b a s i n  and preda tes  t h e  depos i t ion  of t h e  m a r e  material of t he  P roce l l a r -  

urn Group. 

material. The S e r e n i t a t i s  bench and t h e  Bond Formation of t h e  Sereni-  

tatis bas in  arc analagoas tc tho- P-per?r?ine bcr,ch artd the ApeiiiiL-iie Bench 

Formation of t h e  Imbrium bas in .  

The Bond Formation appears t o  be an  e a r l y  genera t ion  of mare 

The previously recognized humocky and smooth f a c i e s  of t h e  Fra  

Mauro Formation, a widespread and wel l -def ined map u n i t  surrounding the  

Imbrium bas in ,  have been mapped i n  t h e  Mare Vaporum quadrangle by D. E. 

Wilhelms and i n  the  J u l i u s  Caesar quadrangle by E. C. Morris and D. E. 

Wilhelms. I n  addi t ion ,  Wilhelms recognizes a p i t t e d  f a c i e s ,  and pro- 

poses a r e s t r i c t e d  d e f i n i t i o n  of the smooth f a c i e s .  Some material 

previously considered p a r t  of the smooth f a c i e s  i s  withdrawn from t h e  

Fra  Mauro Formation and assigned to a new u n i t ,  t h e  Cayley Formation, 

i n  an a t t e m p t  t o  c l a r i f y  the  r e l a t i o n s  and genes is  of the  materials i n  

the  v i c i n i t y  of t h e  Mare Imbrium basin.  The sequence of t h e  Fra  Mauro 

f a c i e s  from t h e  northwest t o  t h e  southeast  is  similar t o  t h e  sequence 

of f a c i e s  of c r a t e r  r i m  materials from t h e  r i m  c r e s t  r a d i a l l y  outward 

from c r a t e r s .  Previous i n t e r p r e t a t i o n s  of both t h e  F r a  Mauro and t h e  

c r a t e r  r i m  ma te r i a l  as impact ejecta a r e  supported by t h i s  study. The 

Cayley Formation i s  i n t e r p r e t e d  a s  mare- l ike m a t e r i a l  o l d e r  than t h e  

Procellarum Group. 

M. H. Carr desc r ibes  s e v e r a l  probable volcanic  u n i t s  i n  t h e  north-  

c e n t r a l  p a r t  of t h e  Moon. Most of t h e s e  u n i t s  are assoc ia ted  wi th  r i l les,  

and a l l  have very low albedos.  Within Mare S e r e n i t a t i s ,  around t h e  

Li t t row and Menelaus r i l l e s ,  a r e  dark u n i t s  t h a t  t e rmina te  abrupt ly  

aga ins t  t h e  uplands and have sca rp l ike  con tac t s  wi th  t h e  Procellarum 

Group. These two u n i t s  are thought t o  be composed of vo lcanic  flows 

t h a t  are younger than the  rest of the mare material. 

C a l l u s  r i l l e  srtd Li i  a area 1% hi southeast  of che c r a t e r  Copernicus, 

dark materials wi th  no i n t r i n s i c  r e l i e f  o v e r l i e  both t h e  F ra  Mauro 

Formation and the  Procellarum Group. These dark m a t e r i a l s  a r e  

Near t h e  Su lp ic ius  
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i n t e r p r e t e d  as p y r o c l a s t i c  volcanics,  and are a l s o  younger than t h e  mare 

material .  
~ Other probable p y r o c l a s t i c  d e p o s i t s  occur around Sinus Aestuum 
I and Mare Vaporum, but  t hese  a r e  o lde r  t han  t h e  l o c a l  mare su r face .  l 

The Marius H i l l s  vo lcan ic  complex, a broad, smooth p l a t e a u  wi th  

many c l o s e l y  spaced domes i n  t h e  western p a r t  of t h e  Oceanus Procellarum, 

has been descr ibed by J. F. McCauley. The complex embraces about 35,000 

km’ and rises s e v e r a l  hundred meters above t h e  s u r f a c e  of t h e  mare. The 

many domes are from 3 t o  10 km wide and from 200 t o  1,000 meters high. 

Two types of domes have been recognized: broad, l o w  domes of t h e  type 

common i n  t h e  luna r  maria and less abundant, s teep-sided domes with r i l l e -  I 

l i k e  s t r u c t u r e s  on t h e i r  f l anks .  

The Marius H i l l s  complex has a markedly lower d e n s i t y  of c r a t e r s  than an 

area of comparable s i z e  d i r e c t l y  to  t h e  east i n  Oceanus Procellarum, which 

i t  appears t o  pos tda te .  

- 3  

Many of t h e  domes have s m a l l  summit p i t s .  

It i s  i n  t u r n  o v e r l a i n  by f a i n t  rays  from t h e  

Copernican c r a t e r s  Kepler and Aris tarchus and has, t he re fo re ,  been given I 

a t e n t a t i v e  Eratosthenian age designat ion.  

succession of post-Imbrian volcanics  wi th  t h e  two types of domes poss ib ly  

formed by magmas of d i f f e r e n t  composition. 

The complex may r ep resen t  a 

Completion of prel iminary geologic mapping of t h e  eastern p a r t  of 

t he  luna r  e q u a t o r i a l  b e l t  by D. E. Wilhelms, Harold Masursky, A .  B. 

Binder, and J .  D. Ryan, makes poss ib l e  revised i n t e r p r e t a t i o n s  of t h e  

s t r u c t u r a l  evo lu t ion  of l a r g e  c r a t e r s  and mare bas ins .  Both Mare Crisium, 

a small  mare b a s i n  wi th  r e l a t i v e l y  few craters on i t s  r i m ,  and Petavius,  

t he  l a r g e s t  e s s e n t i a l l y  unmodified c r a t e r  of t h e  luna r  e q u a t o r i a l  b e l t ,  

have s teep-sided depressions on the  o u t e r  per iphery of t h e i r  r i m s .  The 

walls of t h e s e  depressions are p a r a l l e l  t o  t h e  d i r e c t i o n s  of the luna r  

g r i d .  Subsidence of t h e  concentr ic  trough around Mare C r i s i u m  probably 

occurred along t h e s e  g r i d  f a u l t s .  Cross f a u l t s  c u t t i n g  t h e  concen t r i c  

troughs and r idges  around most o the r  mare b a s i n s  a l s o  fo l low l u n a r  g r i d  

d i r e c t i o n s  r a t h e r  than d i r e c t i o n s  r a d i a l  t o  t h e  b a s i n s .  A broad graben 

along much of the r i m  c r e s t  of Petavius may be a scaled-down representa-  

t i v e  of t he  shelves  on the  inne r  margins of s e v e r a l  mare bas ins  such as 
Imbrium, Humorum and Crisium. The shelves  resemble t h i s  graben more 

c l o s e l y  than they do the  t e r r a c e s  formed by inward slumping i n  smaller 
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c r a t e r s .  The area a l s o  includes Langrenus, t he  l a r g e s t  known Copernican 

c r a t e r ,  upon whose r i m  f l ank  is the l a r g e s t  known dark-halo c r a t e r .  

This dark-halo c r a t e r  and o t h e r  dark p a r t s  of t he  r i m  material may be 

t h e  products of volcanic  a c t i v i t y  concentrated along lunar  g r i d  f a u l t s  

a c t i v a t e d  by the Langrenus impact. 

The geology of t h e  l u n a r  e q u a t o r i a l  b e l t  (70°W-700E, 32ON-32'S) has 

been compiled a t  a scaie of i:5,OSO,OOO by I). E .  Wilhelms and N .  J .  Trask 

from 1:1,000,000 maps made by members of t he  Branch of Astrogeology. The 

h i s t o r y  of mare bas ins  can be  worked out i n  terms of t h e  s t r a t i g r a p h i c  

u n i t s  i n  and around the  b a s i n s ;  u n i t s  o l d e r  than, contemporaneous with,  

and younger than, t h e  b a s i n  are shown on the  map. The u n i t s  on t h e  map 

recognized as o l d e r  than the basins a r e  c r a t e r  ma te r i a l s  and undifferen-  

t i a t e d  regional  m a t e r i a l s ;  poss ib l e  contemporaneous u n i t s  a re  c h i e f l y  t h e  

b a s i n  r i m  m a t e r i a l s ;  younger u n i t s  a r e  c r a t e r  m a t e r i a l s  and r eg iona l  

plains-forming materials of t h e  t e r r a e  and maria. I n  add i t ion ,  l o c a l  

u n i t s  of poss ib l e  volcanic  o r i g i n ,  no t  r e l a t e d  t o  b a s i n  h i s t o r y ,  a r e  

shown. The t e n t a t i v e  o rde r  of bas in  formation, youngest t o  o l d e s t ,  is :  

Or i en ta l e ,  Imbrium, Crisium, Humorum, Nec ta r i s ,  S e r e n i t a t i s ,  F e c u n d i t a t i s .  

The h i s t o r y  of a c i r c u l a r  c r a t e r  i n  a highly viscous medium i s  

der ived from the  hydrodynamic equations of motion by Z .  F. Dane;. 

v a r i a t i o n  i n  shape of t h e  c r a t e r  i n  t h e  course of t i m e  i s  expressed as a 

func t ion  of a t i m e  constant ,  T, t ha t  involves v i s c o s i t y  and dens i ty  of 

t he  medium, a c c e l e r a t i o n  of g rav i ty  and radius  of t he  c r a t e r  l i p .  Corres- 

pondence between t h e o r e t i c a l  c r a t e r  shapes and t h e  observed ones i s  good. 

However, t h e  t i m e  constant ,  T,  i s  s u r p r i s i n g l y  s h o r t  i f  commonly accep- 

ted v i s c o s i t y  values  are used. Thus, i f  t he  p re sen t  a n a l y s i s  i s  v a l i d ,  

and luna r  c r a t e r  ages are of the order  of l o 9  yea r s ,  l una r  rock v i s c o s i -  

t i e s  m u s t  be of t he  o r d e r  of to poise .  I f  v i s c o s i t i e s  of 

lunar  rocks w e r e  around lo2' t o  

would have t o  be only lo4 t o  l o 7  yea r s .  

The 

po i se ,  t h e  ages of l a r g e  c r a t e r s  

D.  E .  Wilhelms and N.  J .  Trask have s tud ied  t h e  p o l a r i z a t i o n  proper- 

t i e s  of 20 regions on t h e  lunar surface involving 10 c u r r e n t l y  recognized 

geologic u n i t s  by t e l e s c o p i c  measurements with a Lyot po la r ime te r .  They 

f i n d  t h a t  t h e  value of maximum p o l a r i z a t i o n  d i f f e r s  considerably among 
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t h e s e  u n i t s  and can a i d  i n  t h e i r  d i sc r imina t ion .  For u n i t s  with widely 

d i f f e r i n g  albedos,  maximum p o l a r i z a t i o n  and albedo are inve r se ly  r e l a t e d .  

Among some mare u n i t s  with a r e l a t i v e l y  small spread i n  albedo, t h e  

p o l a r i z a t i o n  of some of t h e  darker  u n i t s  appears t o  be anomalously lower 

than t h a t  of some of t h e  b r i g h t e r  u n i t s .  

L. C. Rowan and M. N. West have prepared a map showing t h e  albedo 

V d L i d L l w L l b  i n  the hiiar equatorial b e l t  (20°N-2G0S, 6 0 ° ~ - 6 G o ~ ) .  Gnits  

of albedo corresponding t o  d e n s i t y  on a full-moon photographic p l a t e  

were e s t a b l i s h e d  by a photographic technique. Film negat ives ,  each show- 

ing a p rogres s ive ly  h ighe r  albedo u n i t ,  were p ro jec t ed  onto an enlarged 

photograph of t h e  same full-moon p l a t e ,  and a reas  of equal  albedo were 

o u t l i n e d .  The r e s u l t i n g  information w a s  adjusted t o  a 1:5,000,000 s c a l e  

or thographic  p r o j e c t i o n  c h a r t  and has been used i n  t h e  p repa ra t ion  of 

some 1 : 1,000,000 lunar  geologic  maps. 

_._I- - r 2  --- 

Robert Wildey has s tud ied  and affirmed the  f e a s i b i l i t y  of using 

laser ranging techniques t o  measure t h e  shape of t h e  Moon and a p l a n  

of i n v e s t i g a t i o n  has been evolved. Laser technology does not p e r m i t  

b u r s t s  l a r g e r  than 10 j o u l e s  a t  l-second i n t e r v a l s ,  so t h a t  measuring 

t i m e s  pe r  range po in t  of 5-10 minutes, o r  longer when very near  t h e  

limb, are  rzecessary t o  o b t a i n  50- t o  100-meter accuracy i n  t h e  reduced 

r ad ius  v e c t o r .  Unce r t a in t i e s  i n  the Moon's range and v i b r a t i o n  and 

l i b r a t i o n  ephemeris are s m a l l  enough t o  permit nominal s p h e r i c a l  curva- 

t u r e  t o  be used i n  t h e  metric tensor  desc r ib ing  t h e  wandering of the 

range po in t  over t h e  luna r  su r face  away from a p rese l ec t ed  t a r g e t .  

Therefore,  t h e  e f f e c t  can be corrected out of t he  d a t a  i n  de r iv ing  t h e  

luna r  f i g u r e .  

Previous explanat ions by P e t t i t  and Nicholson of t h e i r  1930 i n f r a r e d  

observat ions imply s i g n i f i c a n t l y  s t eepe r  s lopes  a t  a s c a l e  of 1 km than 

e x i s t  on the Moon. Kenneth Watson suggested l a s t  yea r  t h a t  one p o s s i b l e  

explanat ion of both the  full-moon and subso la r  i n f r a r e d  observat ions i s  

t he  ex i s t ence  of su r face  roughness on a s c a l e  between 1 cm and 1 meter.  

During tnis pasc yea r  he constructed t h e o r e t i c a i  sioped modeis of the 

s u r f a c e  and computed t h e  i n f r a r e d  emission assuming t h a t  t he  ind iv idua l  

su r f ace  elements were Lambertian. A reasonable f i t  t o  P e t t i t  and 
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Nicholson's full-moon observat ion w a s  obtained f o r  a mean s lope  of 18". 

Ext rapo la t ion  of terrestr ia l  observations and Ranger s t u d i e s  of l una r  

s u r f a c e  roughness versus  s c a l e  suggests t h a t  t h e  computed mean s lope  

corresponds t o  a s lope  l eng th  between 1 and 10 cm. Future  broad-band 

i n f r a r e d  emission s t u d i e s  from t h e  Manned Lunar O r b i t e r  w i l l  provide 

u s e f u l  t e x t u r a l  d e t a i l  two o rde r s  of magnitude b e t t e r  than photographs 

i n  v i s i b l e  wavelengths. 

Photographic photometry, although inhe ren t ly  sub jec t  t o  e r r o r s  

much l a r g e r  than those i n  pho toe lec t r i c  photometry, can i n  no case be 

c a r r i e d  out  without  some kind of c a l i b r a t i o n  of t h e  dependence of photo- 

g raph ic  d e n s i t y  on exposure (br ightness  a t  exposure t i m e ) .  Many o l d e r  

p l a t e s  are photometr ical ly  va lue le s s  because of t h e  lack of such c a l i -  

b r a t i o n .  By t ak ing  d e n s i t y  readings of s e l e c t e d  spo t s  on an old p l a t e  

and a l s o  making p h o t o e l e c t r i c  measurements through t h e  t e l e scope  of 

t hese  same spo t s  when t h e  moon near ly  d u p l i c a t e s  t he  phase and l i b r a t i o n  

corresponding t o  t h e  epoch of t h e  old  p l a t e ,  t h e  c a l i b r a t i o n  can be re- 

gained.  The technique is  discussed by H. A .  Pohn and R. L.  Wildey. It 

i s  assumed t h a t  t h e r e  are no secu la r  e f f e c t s  i n  t h e  moon's r e f l e c t i v i t y  

and t h a t  lack of knowledge of t h e  s p e c t r a l  s e n s i t i v i t y  of t h e  old p l a t e  

i s  n o t  an important f a c t o r .  I n  addi t ion,  by using many luna r  spots ,one 

can measure, and even provide l imited compensation f o r ,  photometric 

nonuniformity of t h e  o r i g i n a l  p l a t e .  

Summary of Rawer investigations.--Members of t h e  Astrogeologic 

S tud ie s  s e c t i o n  of t h e  Branch of Astrogeology have used photographs 

from t h e  t h r e e  success fu l  Ranger missions, VII, V I I I ,  and IX,  t o  study 

t h e  geology and s u r f a c e  p r o p e r t i e s  of t h e  Moon a t  s c a l e s  l a r g e r  than 

the  1:1,000,000 scale used f o r  reconnaissance geologic  mapping. The 

r e s u l t s  of these i n v e s t i g a t i o n s  a r e  being descr ibed i n  a ser ies  of 

Technical Reports published by the Jet Propulsion Laboratory f o r  t h e  

National Aeronautics and Space Administration. A b r i e f  summary of t h e s e  

i n v e s t i g a t i o n s  i s  presented he re .  

The Ranger V I 1  s p a c e c r a f t  t ransmit ted t o  ear th  close-up p i c t u r e s  of 

These p i c t u r e s  were analyzed by a ray-covered mare area i n  August 1964. 

E .  M. Shoemaker and reported on i n  NASA Technical Report No. 32-700, 
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which a l s o  inc ludes  r epor t s  by the o t h e r  Ranger experimenters .  This 

r e p o r t  desc r ibes  i n  d e t a i l  t he  f ea tu res  observed on t h e  photographs. 

Craters wi th  a g r e a t  v a r i e t y  of shapes are the  dominant topographic 

elements on a l l  of t h e  photographs; p o s i t i v e  r e l i e f  f e a t u r e s  a r e  exceed- 

ing ly  rare. 

approximately 1000 times smaller than can be seen wi th  ear th-based 

observa t ions .  S'noemaicer i n t e r p r e t s  most of the  c r a t e r s  as produced by 

impact. He c a l c u l a t e s  t he  frequency of secondary c r a t e r s  t o  be expected 

from t h e  measured d e n s i t y  of l a rge  primary c r a t e r s  and concludes t h a t  

most of t he  c r a t e r s  observed on the photographs a r e  secondaries .  He  

fur thermore observes t h a t  t h e  frequency of c r a t e r s  less than approximate- 

l y  100 meters i n  diameter  i s  considerably less than predic ted ,  suggest-  

ing t h a t  many c r a t e r s  have been destroyed by b a l l i s t i c  e ros ion  and the 

formation of later c r a t e r s .  The p o s s i b i l i t y  t h a t  repeated c r a t e r i n g  of 

a s u r f a c e  would lead  t o  a s t eady- s t a t e  cond i t ion  i n  which t h e  c r a t e r  

frequency remained t h e  same f o r  c r a t e r s  below a given s i z e  w a s  suggest-  

ed earlier by Moore. 

The smallest reso lvable  c r a t e r s  have diameters  of 1 m e t e r ,  

The Ranger V I 1 1  spacec ra f t  t ransmit ted p i c t u r e s  of an  area i n  

Mare T r a n q u i l l i t a t i s  i n  February 1965 and t h e  Ranger I X  spacec ra f t  

t ransmi t ted  p i c t u r e s  of t he  f l o o r  of t h e  l a r g e  c r a t e r  Alphonsus one 

month later. 

and Ranger I X  photographs w i l l  be combined i n  a s i n g l e  Technical Report 

now i n  p repa ra t ion .  Various aspec ts  of t h e  photographs have been con- 

s i d e r e d  by d i f f e r e n t  i nves t iga to r s .  

R e s u l t s  of preliminary a n a l y s i s  of both t h e  Ranger V I 1 1  

N. J. Trask has  made a study of t h e  s ize-frequency d i s t r i b u t i o n  of 

t he  c r a t e r s  on a l l  t h r e e  sets of  Ranger photography. He f i n d s  t h a t ,  

w i th in  reasonable  l i m i t s ,  t h e  f requencies  of c r a t e r s  below approximately 

100 meters i n  diameter  a r e  the  same on t h e  t h r e e  s u r f a c e s .  The f l o o r  of 

Alphonsus i s  c l o s e l y  similar to  geologic u n i t s  t h a t  a r e  c l e a r l y  o l d e r  

than t h e  mare su r faces  and i s  probably o l d e r  than t h e  maria themselves. 

The s i m i l a r i t y  of c r a t e r  f requencies  on su r faces  of d i f f e r i n g  ages is  

c o n s i s t e n t  wi th  t h e  idea  t h a t  repeated c r a t e r i n g  has produced a s teady-  

state su r face  on which c r a t e r  f requencies  do not  change wi th  t i m e  f o r  

c r a t e r s  below a given s i z e .  A very rap id  inc rease  i n  the  number of 
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. 
c r a t e r s  with diameters between 3 and 1 km i s  observed on both the  Ranger 

photographs and s u p e r i o r  earth-based photographs. The inc rease  i s  

thought t o  be due t o  the  a d d i t i o n  of l a r g e  numbers of secondary c r a t e r s  

t o  t h e  t o t a l  c r a t e r  population. 

H. J. Moore has  compared the smallest c r a t e r s  photographed on t h e  

last  frames of Ranger I X w i t h  c r a t e r s  of t h e  same s i z e  produced by 

chemical and nuc lea r  explosives  and. m i s s i l e  impacts i n  n a t u r a l  materials. 

I f  t h e  ma jo r i ty  of lunar  c r a t e r s  are formed by impact, t he  comparison 

suggests  t h a t  the lunar  s u r f a c e  materials are weakly cohesive t o  non- 

cohesive.  There are no l a rge ,  sharply def ined blocks around t h e  luna r  

c r a t e r s  such as occur i n  profusion around chemical explosion craters i n  

such materials as b a s a l t .  There are a few low, lumpy s t r u c t u r e s  on t h e  

w a l l s  and r i m s  of t he  luna r  craters;  these  are s imilar  t o  i s o l a t e d  low 
lumps found around c r a t e r s  formed by m i s s i l e  impacts i n t o  weakly cohe- 

s i v e  material. Scalloped r i m s  and asymmetric r i m  d e p o s i t s  are a l s o  

found i n  both l u n a r  craters and a r t i f i c i a l  c r a t e r s  formed i n  weakly 

cohesive materials. The s lopes of t h e  w a l l s  of a l l  t h e  l u n a r  c r a t e r s  

appear  t o  be less than 38" i n  c o n t r a s t  t o  s lopes  of 60' i n  t h e  w a l l s  of 

c r a t e r s  i n  weakly cohesive alluvium. The low s lopes  of  t h e  luna r  c r a t e r s  

a r e  c o n s i s t e n t  w i th  a s u r f a c e  l aye r  of noncohesive, fragmental  material 

lying a t  i t s  n a t u r a l  angle  of repose. 

A study of t h e  s t r u c t u r e  and t e x t u r e  of t h e  f l o o r  of Alphonsus has  

been made by M. H. Carr. H e  d i sc r imina te s  f i v e  geologic  u n i t s ,  l a r g e l y  

on t h e  b a s i s  of c h a r a c t e r i s t i c  s ize-f  requency d i s t r i b u t i o n s  of c r a t e r s .  

Many of t h e  c r a t e r s  are al igned along lineaments and are c l e a r l y  of 

i n t e r n a l  o r i g i n .  Dark-halo craters occur r ing  along l ineaments appear 

t o  be  examples of vo lcan ic  craters w i t h  a surrounding blanket  of pyro- 

c l a s t i c s .  Other crater d e p o s i t s  as w e l l  as b l anke t  d e p o s i t s  on t h e  

f l o o r  are i n t e r p r e t e d  as volcanic  e j e c t a .  Lineaments are widespread on 

the  f l o o r  and correspond t o  the  d i r e c t i o n s  of t he  luna r  g r i d  and t o  t h e  

d i r e c t i o n  r a d i a l  t o  t h e  Mare Imbrium bas in .  The d i s t r i b u t i o n  of t h e  

lineaments i s  not t he  same a t  a l l  s c a l e s ,  however. 

An experimental  topographic map of a s m a l l  area i n  Mare Tranqui l -  

l i t a t i s  has  been constructed by H. J. Moore and R. V. Lugn. They used 

14 



d i a p o s i t i v e  p l a t e s  of t h e  n e x t - t o - l a s t  and third-from-last  A frames 

of Ranger V I I I ,  two frames that give good s t e reoscop ic  coverage, and 

a s l i g h t l y  modified ER55 p l o t t i n g  instrument. 

of t h e  s p a c e c r a f t  camera a t  t h e  times of recording t h e  two images, t h e  

i n c l i n a t i o n s  of the camera axis, and t h e  ang le  of view of t h e  camera 

were reproduced i n  t h e  p l o t t i n g  instrument by proper  pos i t i on ing  of 

che p r o j e c t o r s  and proper choice of d i a p o s i t i v e  s i z e .  me r e s u l t i n g  

s t e r e o  model was "soft" and "fuzzy" b u t  could be  contoured with gener- 

a l l y  t h e  same r e s u l t s  by independent ope ra to r s .  On t h i s  model, t h e  

mare s u r f a c e  appears t o  b e  nea r ly  l e v e l ,  on t h e  average, w i th  l o c a l  

g e n t l e  s lopes  nea r  7 " .  

model w a s  measured t o  be  14" f 2 O ,  i n  agreement wi th  t h e  l o c a l  e l e v a t i o n  

of t h e  sun at t h e  t i m e  of t h e  Ranger V I 1 1  impact. 

The r e l a t i v e  p o s i t i o n s  

rm 

The s l o p e  of a well-defined l a r g e  shadow i n  t h e  

A series of geologic  maps has  been constructed from t h e  Ranger V I 1 1  

and I X  photographs a t  a v a r i e t y  of scales. D.  J .  Mil ton and D. E. 

Wilhelms have used a r e l a t i v e l y  d i s t a n t  Ranger V I 1 1  photograph t o  prepare 

a map a t  a s c a l e  of approximately 1:500,000 t h a t  shows i n  g r e a t e r  de- 

t a i l  t h e  d i s t r i b u t i o n  of t h e  regional  u n i t s  mapped earlier a t  s c a l e s  

of 1:1,000,000. J. F. McCauley mapped the f loor  of t h e  l a r g e  c r a t e r  

Alphonsus a t  a s c a l e  of approximately 1:100,000. The a d d i t i o n a l  d e t a i l  

t h a t  can be  mapped a t  t h i s  l a r g e r  s c a l e  r equ i r e s  t h e  d e f i n i t i o n  of new 

s t r a t i g r a p h i c  u n i t s  not  r e so lvab le  on t h e  1:1,000,000 s c a l e  maps.  A 

geologic  map of t h e  s m a l l  area i n  Mare T r a n q u i l l i t a t i s  covered by t h e  

topographic map of Moore and Lugn w a s  constructed by N. J .  Trask. He 

p l o t t e d  t h e  geology d i r e c t l y  from the  s t e r e o  model of t h e  luna r  su r -  

f a c e  produced by t h e  ER55 p l o t t e r .  A l l  of t h e  geologic  u n i t s  recognized 

on t h e  mare s u r f a c e  a t  t h i s  s c a l e  are subdivis ions of c r a t e r s .  H. H. 

Schmitt used t h e  f i n a l  B camera frame of Ranger V I 1 1  t o  prepare a de- 

t a i l e d  map of c r a t e r  u n i t s  a t  a s c a l e  of approximately 1:10,000. He 

then used t h e  map t o  p l an  two hypo the t i ca l  t r a v e r s e s  by a s t r o n a u t s  from 

a landed LEM. The t r a v e r s e s  were designed t o  enable  t h e  a s t r o n a u t s  t o  

sample a d i v e r s i t y  of crater materials and t o  examine a v a r i e t y  of s t r u c -  

t u r e s  observable on the  ground. 
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Summary of P a r t  B 

Detai led mapping of S i e r r a  Madera, a nea r ly  c i r c u l a r  s t r u c t u r e  of 

p o s s i b l e  impact o r i g i n  i n  w e s t  Texas, w a s  extended by H. G. Wi l sh i r e  t o  

t h e  r idge  no r th  of t h a t  mapped by Shoemaker and Eggleton (1964). 

t h e  formations mapped, from t h e  Permian G i l l i a m  t o  t h e  Cretaceous Edwards, 

are seve re ly  deformed. The p r i n c i p a l  s t r u c t u r e s  mapped are s t e e p  normal 

(?) and r eve r se  f a u l t s  that t r end  nea r ly  a t  r i g h t  angles  t o  t h e  t r a n s -  

v e r s e  f a u l t s  mapped by Shoemaker and Eggleton, and t h r u s t  f a u l t s  t h a t  

r e s u l t e d  i n  movement of Permian rocks away from t h e  c e n t e r  of t h e  s t r u c -  

t u r e  and over t h e  Cretaceous rocks. 

All of 

A comparison of l i t h o l o g i e s  of Permian formations i n  the  no r theas t -  

e r n  Glass Mountains with those of t he  same formations a t  S i e r r a  Madera 

revealed s e v e r a l  f a c i e s  changes, the most important being an i n c r e a s e  i n  

abundance of sedimentary b r e c c i a  a t  S i e r r a  Madera. New paleontologic  

d a t a  on c u t t i n g s  from t h e  P h i l l i p s  no. 1 El s ino re  w e l l  i n d i c a t e  t h a t  t h e  

w e l l  penetrated b recc ia t ed  rocks of t h e  Word Formation overlying a near- 

normal thickness  of p a r t l y  brecciated rocks of t h e  Leonard Formation. 

D. J. Milton has continued h i s  s tudy of t h e  me teo r i t e  craters a t  

Henbury, A u s t r a l i a .  H i s  ea r l ie r  work with F. C. Michel descr ibed one of 

t he  smaller c r a t e r s  i n  t h e  f i e l d ,  a crater wi th  rays of e j e c t a  s i m i l a r  

t o  those around luna r  c r a t e r s .  The latest  work d e a l s  mainly with t h e  

g r e a t  v a r i e t y  of s t r u c t u r e s  i n  the  w a l l s  and r i m s  of t h e  t h r e e  l a r g e r  

c r a t e r s .  Beds o r i g i n a l l y  dipping i n t o  t h e  main c r a t e r  w e r e  deformed i n t o  

concen t r i c  f o l d s  overturned outward w i t h  g e n e r a l l y  s t e e p l y  dipping axial 

planes.  Some t h r u s t  f a u l t i n g  accompanied t h e  folding,  and i n  p l aces  an 

imbricate  series of t h r u s t  s h e e t s  w a s  shoved over  t h e  p r e c r a t e r  s u r f a c e  

on the  r i m .  Beds on t h e  oppos i t e  w a l l  of t h e  main c r a t e r ,  which o r i g i -  

n a l l y  dipped away from t h e  c r a t e r ,  were deformed i n t o  a series of f o l d s  

with shallowly dipping a x i a l  planes. An overturned f l a p  i s  p re sen t  on 

t h e  o u t e r  r i m  of t he  c r a t e r  on the  s i d e  on which t h e  beds d i p  outward; 

p a r t  of t h e  f l a p  i s  t h r u s t  outward as w e l l  as overturned. There is ,  i n  

general ,  s t r u c t u r a l  con t inu i ty  between t h e  c r a t e r  w a l l s  and r i m s .  O u t -  

s i d e  the  r i m  c r e s t s ,  t h e  e j ec t ed  ma te r i a l s  become inc reas ing ly  broken, 

but  t h e r e  i s  r a r e l y  a c l e a r  l i n e  between coherent ly  deformed rock and 

throwout d e b r i s .  
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Detai led geologic  mapping of the Flynn Creek s t r u c t u r e  a t  1:6,000 

i n  an area of about 2 1  square miles i s  approximately 75 percent  com- 

p l e t e .  

map area is  approximately 50 percent complete. 

ccvering both t h e  d e t a i l e d  and regional  geology i n  an area 6 m i l e s  

squa re  surrounding t h e  Flynn Creek s t r u c t u r e ,  w i l l  be  completed by 

David 2. Xoddy by the  i a c t e r  p a r t  of i366. 

An a d d i t i o n a l  area mapped a t  1:12,000 surrounding t h e  1:6,000 

These two geologic  maps, 

The f i e l d  d a t a  have shown t h a t  a f t e r  t h e  s t r u c t u r e  w a s  formed, t h e  

topography w a s  eroded t o  a region of very low r e l i e f  cons i s t ing  of h i l l s  

from a few meters t o  a maximum of 20 meters high.  Erosion removed a l l  

d e b r i s  from t h e  r i m  bu t  d id  not  f i l l  t h e  c r a t e r ;  l a te r  depos i t i on  of t h e  

Chattanooga Shale during Late  Devonian t i m e  then f i l l e d  t h e  c r a t e r  and 

covered t h e  surrounding area. 

N o  trace-element anomalies, abnormal mineral  v a r i a t i o n s ,  o r  high- 

p re s su re  polymorphs have been found i n  l abora to ry  s t u d i e s .  P e t r o f a b r i c  

s t u d i e s  of t h e  deformed r i m  rocks show t h a t  t h e  number of twin lamellae 

and mic ro f rac tu r ing  p a r a l l e l  t o  the cleavage inc rease  toward the  c r a t e r .  

The major s t r u c t u r a l  elements are shown i n  f o u r  gene ra l i zed  c r o s s  

s e c t i o n s .  

the c r a t e r  r i m  suggest s t rong  ho r i zon ta l  compression a t  shallow depths  

during formation of the  s t r u c t u r e .  

Two major r i m  f o l d s  with v e r t i c a l  axial  planes concen t r i c  t o  

The geology of the Moses Rock i n t r u s i o n ,  a d i k e l i k e  body of kimber- 

l i t e  4 miles long, i s  being s tudied by Thomas R. McGetchin. The kimber- 

l i t e  contains  many fragments of t he  basement rock and overlying sedimen- 

tary rocks.  Other i nc lus ions ,  such as pyroxeni te  and e c l o g i t e ,  may have 

been der ived from the mantle. 

i n t r u s i o n  w a s  probably similar t o  lunar  r i l l es  t h a t  con ta in  c r a t e r  chains  

The o r i g i n a l  s u r f a c e  expression of t h e  

Pseudotachyl i te  occurs i n  n e t  ve ins  i n  t h e  Archean g r a n i t e  co re  of 

t he  Vredefort  dome. H. G .  Wilshire  r e p o r t s  t h a t  t h e  microscopic f a b r i c  

of t h e  pseudotachyl i te  and i t s  inc lus ions  i n d i c a t e s  t h a t  l i t t l e ,  i f  any, 

fu s ion  has taken place,  and that shearing w a s  probably a dominant f a c t o r  

i n  t h e  rounding and comminution of rock fragments. 

p e r t h i t e  der ived from t h e  g r a n i t e  i nd ica t e s  t h a t  t h e  p r e v a i l i n g  tempera- 

t u r e  during formation of t h e  pseudotachyl i te  w a s  less than about 650' C. 

The s u r v i v a l  of 
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Rock b u r s t i n g  i n t o  d i l a t e d  zones caused by movement along i r r e g u l a r  

f a u l t  planes i s  pos tu l a t ed  as a cause of formation of b r e c c i a s  i n  which 

t h e  pseudo tachy l i t e  i s  found; f u r t h e r  movement i n  and along t h e  b r e c c i a  

zones caused mylon i t i za t ion  of t h e  rock and i n j e c t i o n  of mylonite i n t o  

f r a c t u r e s  sepa ra t ing  t h e  rock fragments . 
H. G. Wilshire,  J. T. O'Connor, and G. A. Swann s tud ied  and mapped 

ge"iogy "f -I-- m--- -l--- L - L l . . l - L L  T - l - -  
~ i i e  I w i i i  T ~ ~ t r s  u c r c i i w l i i i i ,  L Q K ~  ~ n d  Cbffee Coiiiitles, 

Colorado. The northern p a r t  of the b a t h o l i t h  i s  composed of porphy- 

r i t i c  qua r t z  monzonite t h a t  w a s  emplaced i n  Precambrian metamorphic and 

igneous rocks. An abundance of l a rge  o r t h o c l a s e  phenocrysts, commonly 

3 t o  5 inches long, serves t o  d i s t i n g u i s h  t h i s  rock from o t h e r  g r a n i t i c  

i n t r u s i o n s  i n  the  region. I n  marginal p a r t s  of the b a t h o l i t h ,  o r t h o c l a s e  

phenocrysts are commonly concentrated i n  l enses ;  t h i n  l a y e r s  enriched i n  

mafic minerals  occur i n  t h e  same areas and d e f i n e  a l o c a l l y  pronounced 

flow f o l i a t i o n .  The b a t h o l i t h  i s  cut  by north- and northeast- t rending 

f a u l t s ,  many of which are occupied by r h y o l i t e  d i k e s ;  o t h e r  minor i n t r u -  

s i o n s  w i t h i n  t h e  Twin Lakes b a t h o l i t h  inc lude  i r r e g u l a r  masses of f i n e -  

grained g r a n i t e ,  and lamprophyric dikes .  

The impact of a missi le  on water-saturated gypsum lake  beds pro- 

duced a c r a t e r  about 30 f e e t  across  and 7 f e e t  deep. A study by H. J .  

Moore and R. V .  Lugn shows t h a t  the morphology and e j e c t a  of t h e  c r a t e r  

a r e  s imilar  to l a rge  n a t u r a l  c r a t e r s  produced by me teo r i t e  impact and 

some c r a t e r s  produced by explosives.  

The s t r a t i g r a p h i c  sequence i s  overturned i n  t h e  ejecta, the  beds 

are l o c a l l y  folded near  t h e  crater r i m ,  and t h e r e  i s  some slumping of 

c r a t e r  w a l l s .  Secondary impacts range from implanted fragments t o  

c r a t e r s  containing fragments t o  c r a t e r s  no t  containing fragments. 

The volume of t h i s  c r a t e r  i s  about s i x  t i m e s  l a r g e r  than one pro- 

duced by a missile impact i n t o  d ry  alluvium, although the  k i n e t i c  ener- 

g i e s  and angles  of impact of the two missiles were nea r ly  t h e  same. The 

d i f f e r e n c e  i n  s i z e  of t he  two c r a t e r s  i s  p a r t l y  r e l a t e d  t o  t h e  d i f f e r e n c e  

i n  s t r e n g t h  o i  dry and wet ma te r i a l s  a t  e levated confining p res su res  

because the s t r e n g t h  of water-saturated m a t e r i a l s  i s  nea r ly  cons t an t ,  

whereas the s t r e n g t h  of dry ma te r i a l s  i nc reases .  Hence, l a r g e r  c r a t e r s  
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may be  produced i n  w e t  t a r g e t s  than i n  d ry  ones by p r o j e c t i l e s  with the 

same k i n e t i c  energies  and v e l o c i t i e s .  Ca lcu la t ions  of t he  e f f e c t i v e  

t a r g e t  s t r e n g t h s  f o r  t he  two c r a t e r s  u s ing  t h e  Charters-Summers' theory 

of impact c r a t e r  formation y i e l d  reasonable va lues  f o r  t h e i r  deformation 

s t r e n g t h s .  

H. J .  Moore and D. E. Gault  r epor t  t h e  r e s u l t s  of f i r i n g  p r o j e c t i l e s  

a t  2-inch diameter spheres of basait and l a r g e  r ec t angu la r  blocks of 

b a s a l t  and g l a s s  with planed su r faces .  I n  add i t ion ,  one b a s a l t  sphere 

was broken by compression. More l a rge  fragments and fewer small  f r ag -  

ments a r e  produced by high-veloci ty  impacts i n t o  spheres than by impacts 

i n t o  l a r g e  r ec t angu la r  blocks.  There i s  no c l e a r  c o r r e l a t i o n  between 

the  s i z e  d i s t r i b u t i o n  of d e b r i s  from t h e  spheres and t h e  s i z e  d i s t r i b u -  

t i o n  of meteoroids and me teo r i t e s .  

d i f f e r e n c e s  between t h e  fragmentation produced by high-veloci ty  impacts 

on spheres and spheres broken by compression. Breakage produced by i m -  

pac t s  with t h e  spheres i s  r e l a t e d  t o  t h e  k i n e t i c  energy of t h e  p r o j e c t i l e .  

A study by C.  H. Roach, S. P.  Lassiter,  and T. S .  S t e r r e t t  of t he  

There are p a r a l l e l s  as w e l l  a s  

me teo r i t e  c r a t e r s  a t  Odessa, Texas, shows t h a t  rocks t o  a depth of about 

130 f e e t  below t h e  main c r a t e r  have s i g n i f i c a n t l y  lower concentrat ions 

of mercury than do s t r a t i g r a p h i c a l l y  equivalent  rocks a t  a d i s t a n c e  of 

1.1 m i l e s .  The d e p l e t i o n  of mercury i n  rocks a t  shallow depths  beneath 

the  c r a t e r  may have r e s u l t e d  from processes caused by the  impact event 

t h a t  formed t h e  Odessa me teo r i t e  c r a t e r s ,  o r  poss ib ly  by postimpact 

leaching by vadose waters pe rco la t ing  through t h e  l e n s  of b recc ia t ed  

rocks beneath t h e  c r a t e r .  Additional chemical s t u d i e s  a r e  i n  progress  

t o  t r y  t o  eva lua te  t h e  reasons f o r  t he  d e p l e t i o n  o r  r e d i s t r i b u t i o n  of 

mercury i n  t h e  a f f e c t e d  rocks.  

The f i r s t  systematic  c o l l e c t i o n  of me teo r i t e  m a t e r i a l  around Meteor 

Crater, Arizona, i n  which the  loca t ion  of each f i n d  w a s  recorded and 

surveyed, has been completed by D. J .  Mil ton and A.  J, Swartz. About 

90 specimens ranging i n  weight from a few grams up t o  15 kg w e r e  

c o l l e c t e d .  
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Summary of Part C 

Edward J. Dwornik illustrates the potential usefulness of the 
scanning electron microscope for investigations of materials of-geologic 
interest by micrographs of several types of materials. 

of this scanning electron microscope over those of the optical micro- 

scope are the greater resolution (presently about 50OA) and the large 
depth of field, allowing the direct examination of surface features of 
irregular objects. 

the resolving power of the scanning electron microscope is poor, and 

electron diffraction is not possible, but the depth of field is greater 
and sample preparation easier. For those problems in which morphology 
is important, as in the study of cosmic dust and in micropaleontology, 

the scanning electron microscope will be a useful tool in conjunction 

with a transmission electron microscope. 

The advantages 

Compared to the transmission electron microscope, 

A fundamental problem in the origin of tektites is the estimation 
of the composition and nature of the parent material from which they 

were derived. 

system of processes that led to their formation. 
relevant to these problems is thought to be contained in the estimates 
of correlation among various chemical constituents in tektite specimens. 

The observed correlations, however, are subject to restraints imposed 
on the data array by its numerical structure--in particuiar the constant 

item-sum and the forms of ratios and other functional variables of 

interest. 

Of equal importance is the nature and complexity of the 

Some information 

Data studied by A .  T. Miesch, E. C. T. Chao, and Frank Cuttitta 
consist of chemical and spectrographic analyses as well as physical 

property measurements on 21 bediasites from east-central Texas. 

lation coefficients derived from these data were tested against correla- 

tions derived from closed arrays of random deviates. Many of the 

correlations that were apparently significant when tested against zero 

are no greater than can be attributed to the constant item-sum (closure) 

effect. Other correlation coefficients near zero are highly significant 

Corre- 
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and indicative of petrogenetic association. Correlations involving 

either major or minor elements that have low relative deviations appear 

to be affected by closure to an important degree. 

On adjustment of correlation coefficients for the possible effects 

of closure and the forms of functional variables, a measure is obtained 
that can be tested for significance against zero. 

factor anaiysis procedures tnat ieaci to a geologic model sufficient to  

account for the covariance relationships in the bediasite data. Three 

geologic factors are required in the model, and are tentatively regarded 
as (1) the amount of chondritic meteoritic matter incorporated into the 

principal parent material of the bediasites, (2) the degree of magmatic 

differentiation in the principal parent material, and (3) the effects of 
volatilization and other processes acting during tektite formation. 

This is used in 

Donald B. Tatlock reports that bediasites, indochinites (including 

thailandites), and austral-philippinites (including javanites), owing 

to their wide range in (1) A1203 - (CaO + Na20 + K20), (2) (FM)O, and 
(3) CaO, while ( 4 )  maintaining a narrow range in alkali ratio, are 
effectively separated on a modified ACF plot into strikingly similar 

grouping patterns. 
FM, and a low alumina group. Among the Australasian tektites, the petro- 

chemical groupings parallel the distinct compositional populations found 

in various areas of Australasia. 

Each grouping pattern consists of a normal, a high 

The normal groups, which probably constitute most of the tektite 

material on earth, are marked by low standard deviations of all major 
constituents, and they display significant negative correlation between 

excess alumina (normative corundum) and the ratio of alkali to (FM) 0, 
suggesting there has been volatilization of the alkalis. 

Significant correlations and ratios, common to both tektites and 

unaltered igneous rocks, are discussed. These, as a group, are not 

characteristic of sedimentary units. Bediasites and Australasian tek- 

tites are probably derived, by impact fusion differentiation, from lunar 
source materials of rather narrow compositional range, similar chemically 

to terrestrial hypersthene-bearing salic igneous rocks of Nockolds. 
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Emission spectrographic analyses of whole rock meteorite samples 

and separated plagioclase and pyroxene from basaltic meteorites reported 

by Michael B. Duke show variations consistent with a magmatic differen- 
tiation origin for those meteorites. 
pyroxene and plagioclase are similar to those observed in terrestrial 

basaltic rocks. Certain compositional properties of the parent material 
of the basaltic meteorites, for instance that the parent material had a 
U-K ratio very close to that suggested for the Earth's mantle, are in- 

ferred from the data. Minor-element data for pyroxenes from hypersthene 

achondrites show similarities to those of basaltic meteorite pyroxenes, 

whereas a diopside achondrite and the Sherghotty basaltic achondrite 

are different, especially in their contents of siderophile elements. 

Elemental fractionations between 

Cohenite is found almost exclusively in meteorites containing from 

6 to 8 wt. percent nickel. On the basis of phase diagrams and kinetic 

data, Robin Brett proposes that cohenite which formed in meteorites with 
a nickel content lower than 6 wt. percent decomposed during cooling, and 
cohenite cannot form in meteorites with more than 8 wt. percent nickel. 

A series of isothermal sections between 750" and 600" C have been 
constructed for the system Fe-Ni-C on the basis of published information 
from the three constituent binary systems. The diagrams suggest that 

the presence of a few tenths of a percent carbon in a nickel-iron alloy 

may reduce the temperature at which kamacite separates from taenite by 

more than 50" C. Hence the presence of carbon in iron meteorites may 

be partly responsible for the supercooled nucleation of kamacite in 

meteorites required by recent authors. Meteoritic cohenite may form 

over the temperature range 650° to 600' C. For compositions approxima- 
ting those of metallic meteorites, the greater the carbon or the nickel 

content of the alloy, the lower the temperature of formation of cohenite. 

The presence of cohenite indicates neither high nor low pressures 
of formation in meteorites which contain it. However, the absence of 

cohenite in meteorites containing the assemblage metal + graphite re- 
quires low pressures during cooling. 
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M. B .  Duke and M .  H.  Carr have begun work t o  determine the  charac- 

t e r i s t i c s  of cosmic d u s t .  A s  a prel iminary s t e p  they have been exam- 

in ing  p a r t i c u l a t e  matter co l l ec t ed  a t  h igh  a l t i t u d e  wi th in  the  atmos- 

phere and a l s o  are p a r t i c i p a t i n g  i n  experiments designed t o  c o l l e c t  

cosmic d u s t  above t h e  atmosphere. 

i s  such t h a t  only very s m a l l  p a r t i c l e s  can be  co l l ec t ed .  

The s i z e  d i s t r i b u t i o n  of cosmic d u s t  

This has 

necess i t a t ed  the ~ ~ t ~ b l i ~ h i i i e i i t  of a ; z z l y t i ~ s l  facilitie~ s p e c i f i c a l l y  

designed f o r  t he  handl ing of s m a l l  p a r t i c l e s .  

have the re fo re  been b u i l t  i n  Washington and Menlo Park. 

t r o n  microscope and e l e c t r o n  microprobe f a c i l i t i e s  i n  Washington have 

been upgraded, and similar equipment i s  being i n s t a l l e d  i n  Menlo Park.  

Ul t rac l ean  l a b o r a t o r i e s  

Also t h e  e l ec -  
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